"*Let food be thy medicine, and medicine be thy food* *Everything in excess is opposed to nature* *All disease begins in the gut*---Hippocrates" "*The Prophet said: Stomach is the home (source) of all illness*---Hadith (Islam)" "*When Jesus climbed out of the boat, a man possessed by an evil spirit came out from a cemetery to meet him. This man lived among the burial caves and could no longer be restrained, even with a chain. Whenever he was put into chains and shackles---as he often was---he snapped the chains from his wrists and smashed the shackles. No one was strong enough to subdue him. Day and night he wandered among the burial caves and in the hills, howling and cutting himself with sharp stones ...Then Jesus demanded, 'What is your name?' And he replied, 'My name is Legion, because there are many of us inside this man'.*---Gospel of St. Mark, New Testament."

Autism spectrum disorders (ASDs) are a family of neurodevelopmental conditions of rapidly increasing incidence. The condition was originally prevalent in approximately 1 in 10,000 when first reported in the middle of the 20th century. At present, ASD occurs in one in 68 persons in the United States, and may be as many as one in 30 in Korea. More prevalent in males (4:1), ASD comprises behavioral symptoms, including communication and social impairments, sensory abnormalities, and restricted and repetitive behavior, often with self-injurious behavior ([@CIT0001]). In many children and adults with ASD, comorbidities include restrictive eating, gastrointestinal symptoms, and seizure disorder ([@CIT0002], [@CIT0003]). Recent studies have suggested that ASD is not a primary brain disorder, but may be a 'whole body' disorder with broad systemic abnormalities in immune and metabolic function ([@CIT0004]--[@CIT0008]). Anecdotal reports also suggest these findings may be associated with possible regression after apparently normal development in a subset of children ([@CIT0009]). This is particularly evident in some populations that have migrated from underdeveloped countries to more developed ones, such as Somali expatriates ([@CIT0010]), which was also discussed in a recent Canadian documentary ('The Autism Enigma', Canadian Broadcasting Corporation, Cogent Benger Productions, 2011). How these disparate findings relate to ASD symptoms or pathogenesis is unclear.

It is becoming apparent that complex interactions between genetic, epigenetic, and environmental factors contribute to the development and expression of ASD. A wide number of genes involved in immune regulation, mitochondrial function, and neural circuit formation have been implicated ([@CIT0011]). However, known genetic factors discovered thus far account for 10--20% of ASDs and concordance rates among monozygotic twins are less than 100%, suggesting an important role for environmental risk factors which act on the underlying genetic susceptibilities ([@CIT0012]), possibly by altering expression of ASD-implicated genes or functional pathways ([@CIT0006], [@CIT0013]). We have proposed that many of these environmental factors may arise, directly or indirectly, from small molecule metabolites from microbial populations in the gut ([@CIT0006], [@CIT0007], [@CIT0014]).

Enteric short-chain fatty acids -- gut microbiota metabolites in health and disease {#S0002}
===================================================================================

There is growing evidence that the diverse populations of microbes, which inhabit the human digestive tract, termed the gut *microbiota* (GM), play a major role in the modulation of diverse host metabolic and immune pathways in both health and disease ([@CIT0015], [@CIT0016]). This microbial ecosystem, which outnumbers host cells 10 to one and genetic material 100 to one. It behaves as a functional 'organ', playing a major role in gut--brain communication, immune function, metabolism, and even behavior ([@CIT0006], [@CIT0007], [@CIT0017]--[@CIT0019]). Enteric short-chain fatty acids (SCFAs) are a major class of signaling molecules produced from bacterial fermentation of dietary carbohydrates, odd-chain fatty acids, and some proteins ([@CIT0020], [@CIT0021]). The most abundant of these are acetic acid (AA), butyric acid (BA), and propionic acid (PPA) ([@CIT0020]). These SCFAs directly affect the host digestive tract through phenotypic alteration of colonic epithelial cells and act as major energy substrates. They can act as tumor suppressor agents, in apoptotic cell death, and have recently been shown to be modulators of the enteric neuroendocrine system. SCFAs are also involved in gene regulation of anti-inflammatory processes both *in vitro* and *in vivo* ([@CIT0022]--[@CIT0029]).

Being weak organic acids miscible in both aqueous and lipid phase, the majority of SCFAs are absorbed both passively and via active transport by monocarboxylate transporters from the gut, which also transport ketones. Those not metabolized by colonocytes (principally BA) are transported via the portal circulation and metabolized in the liver before reaching the systemic circulation. Traditionally, hepatic clearance was thought to reduce systemic effects of SCFAs on systemic metabolic and regulatory pathways. However, the distal colon, where the majority of GM reside, bypasses the portal circulation enabling systemic access ([@CIT0006], [@CIT0007], [@CIT0020]).

In addition to production through colonic bacterial fermentation, SCFAs may also be present in diet. Of note, PPA and its chemical derivatives have increasing use in agriculture and the food industry ([@CIT0020]). PPA occurs naturally in many foods (i.e. Swiss cheese). It is a major animal silage and food preservative in wheat and dairy products, either as sodium or calcium salt ([@CIT0030], [@CIT0031]) or is produced by adding high fructose corn syrup substrate to propionibacteria cultures which are then inoculated into foods. Inulin propionate has recently been suggested as a weight loss agent ([@CIT0032], [@CIT0033]), and aspartame is known to increase PPA levels in rodent gut flora. Nitropropionic acid, a derivative of PPA produced by many plants and fungi, is a potential contaminant of processed rice and sugar cane, and also produced sometimes in ruminant fermentation. It is a potent mitochondrial toxin, capable of causing neurotoxicity, and its administration in rodents is an acceptable model for Huntington\'s chorea ([@CIT0034]).

There is growing evidence that the systemic effects of SCFAs (especially PPA and BA) on host physiology are underappreciated. This may have been secondary to 1) their production across tissues of large surface area and relative inaccessibility (i.e. small and large intestine), 2) their rapid colonic uptake by monocarboxylate transporters, 3) their ability to intracellularly concentrate, particularly during acidotic states, and 4) their rapid metabolism, all of which make SCFA measurement difficult ([@CIT0006], [@CIT0020]).

SCFAs have a number of direct effects on gastrointestinal physiology. They are known to reduce gastric motility and increase the frequency of contractions, presumably via a reflex that involves direct contact of these SCFAs with the terminal ileum ([@CIT0035]). In addition, PPA and BA increases contraction of colonic smooth muscle ([@CIT0036]), dilates colonic arteries ([@CIT0037]), activates mast cells ([@CIT0038]), and increases the release of serotonin from gut enterochromaffin cells ([@CIT0039], [@CIT0040]). Specific free fatty acid G-protein-coupled receptors (GPCRs) have recently been located throughout the enteric nervous and immune (T reg) systems, and offer many opportunities for novel pharmacotherapeutic agents ([@CIT0029]).

Most of the emerging literature supports the beneficial effects of SCFAs on weight control, lipid profiles, and colon health, which appear to be dose and tissue specific (see [@CIT0006], [@CIT0020] for reviews). In spite of the multiple beneficial effects of SCFA on host gastrointestinal activity, it is important to note that excessive quantities of PPA have been reported in acne ([@CIT0041]), gingival inflammation ([@CIT0042]), irritable bowel syndrome ([@CIT0043]), and necrotizing enterocolitis ([@CIT0044]). It is also elevated in the neurometabolic condition propionic acidemia ([@CIT0045]). In this heterogeneous inborn error of fatty acid metabolism, which may be underreported ([@CIT0046]), accumulation of PPA and possibly other SCFAs is associated with developmental delay, seizure and extrapyramidal findings, acidosis, hyperammonianemia, increased oxidative stress, and mitochondrial dysfunction, often accompanied by bouts of gastrointestinal symptoms ([@CIT0045]). Furthermore, PPA and related SCFAs have broad effects on nervous system physiology, including activation of specific free fatty acid GPCR, neurotransmitter synthesis and release, intracellular pH/calcium gating, mitochondrial function, lipid metabolism, immune function, gap junction gating, and gene expression ([@CIT0006]).

Potential links of SCFAs in autism {#S0003}
==================================

Recent evidence suggests potential, but unproven, links between dietary, metabolic, immune, infective, and gastrointestinal factors and ASDs. Although inheritable factors, mostly implicated in synaptic transmission, have been traditionally studied in ASDs ([@CIT0011]), the fact that 1) known genetic factors thus far account for only 10--20% of cases, 2) there is less than 100% concordance in identical twins, and 3) there is a growing prevalence in the condition, collectively suggest an important role for environmental factors which act on the underlying genetic sensitivities ([@CIT0012]). In particular, C-sections, hospitalization, early infections, and associated antibiotic exposure ([@CIT0047]), which are risk factors for ASD, may alter the developing GM ([@CIT0016]). Increased mean levels of PPA in stool of ASD children have been shown ([@CIT0048]). Given that PPA is a key fermentation product of ASD-associated bacteria (*clostridia*, *bacteroides*, *desulfovibrio*) ([@CIT0049]) and modulates many ASD-related biochemical processes, we have proposed that SCFAs represent a group of host GM metabolites that are plausibly linked to ASD and can induce widespread effects on gut, brain, immune and metabolic function, and behavior ([@CIT0006], [@CIT0007]).

Further to this, we ([@CIT0014], [@CIT0050]--[@CIT0055]) and others ([@CIT0056]--[@CIT0059]) have shown that short-term central nervous system intracerebroventricular (ICV) and peripheral administration (intraperitoneal, subcutaneous or oral gavage) of PPA and, to a lesser extent, other SCFAs, at various developmental time periods in rodents, induce broad behavioral and brain effects remarkably consistent with findings in persons with ASD, and even predict potential biomarkers in patients.

ICV infusion of SCFAs in rats induces reversible behavioral and electrographic effects consistent with autism {#S0004}
=============================================================================================================

Repeated (5--14 days) pulsed ICV infusions of buffered SCFAs (0.026, 0.052, 0.26 M, 4 µl, pH buffered to 7.5), approximating the levels found in propionic acidemia patients, elicit a number of reversible behavioral changes reminiscent of ASD. Within 2--30 min post-ICV infusion, PPA and, to a lesser extent, BA and AA-treated rats were found to show reversible repetitive dystonic behaviors, retropulsion, object preference, and behavioral perseveration. These behaviors are absent in rats receiving control compounds (isomolar l-propanol or phosphate-buffered saline vehicle). Behavioral scoring and electrographic recordings also provided evidence of seizure activity involving both cortical (neo/hippocampal) and subcortical (striatal spiking) abnormalities. With repeated SCFA treatment, some animals also showed evidence for 'kindling' of seizures (PPA,\>BA\>AC). These effects were not seen with the control compounds. Additional behavioral effects observed in PPA-, BA-, and AA-treated rats included hyperactivity in an automated open-field test, impairment in social behavior when tested in pairs in a large open-field, impairments in the reversal of spatial learning in the Morris Water Maze, object preference, and enhanced startle response magnitude to an acoustic stimulus. Of particular importance was the finding that rats treated with SCFAs showed very clear impairments in social interaction which were not a function of changes in locomotor activity ([Fig. 1](#F0001){ref-type="fig"}). Overall, PPA was the most effective in elicitation of ASD-like behaviors. Thus, enteric SCFA exposure in rodents mimics many behavioral findings in ASD.

![Behavioral videos of propionic acid infusions in rats (click headings to view videos). Single intracerebroventricular (ICV) infusions (4 µl of 0.26 M solution over 4 min) of propionic acid (PPA), a metabolic end product of autism-associated enteric bacteria, produce bouts of reversible hyperactive and repetitive behavior [(A)](http://microbecolhealthdis.net/public/journals/24/multimedia/PPA%20rat%20repetitive%20behavior.mpg) in adult rats, compared with phosphate-buffered saline (PBS) vehicle infused control rat [(B)](http://microbecolhealthdis.net/public/journals/24/multimedia/Control%20rat.mpg). Rat pairs infused with PPA show markedly reduced social interaction and play behavior [(C)](http://microbecolhealthdis.net/public/journals/24/multimedia/PPA%20rat%20pair%20impaired%20social.mpg), compared with pairs of rats infused with PBS vehicle [(D)](http://microbecolhealthdis.net/public/journals/24/multimedia/control%20rat%20pair%20social.mpg), which show typical social behavior. Ethovision behavioral tracking of control and PPA-treated rat pairs [(E)](http://microbecolhealthdis.net/public/journals/24/multimedia/Social%20interaction%20plus%20tracking.mpg), showing further evidence of PPA-induced hyperactive, repetitive, and antisocial behavior. PPA-treated rat displays fixation on objects [(F)](http://microbecolhealthdis.net/public/journals/24/multimedia/object%20fixation%20short%20version.mpg) and specific object preferences (i.e. block vs. sphere). PPA-infused rats also show turning, tics, dystonia, and retropulsion and electrographic evidence of complex partial seizures and basal ganglia spiking, consistent with findings in patients with autism spectrum disorders. With permission from MacFabe ([@CIT0006]).](MEHD-26-28177-g001){#F0001}

Potential mechanisms for these rapidly induced and reversible behaviors are complex, and include SCFA-mediated effects such as enhanced calcium-dependent glutamate, serotonin and dopamine release, inhibition of GABAergic receptors, activation of specific SCFA GPCR, increased glutamate receptor sensitivity, increased catecholamine synthesis, intracellular acidification, mitochondrial dysfunction, and closure of gap junctions (see [@CIT0006], [@CIT0007], [@CIT0014], [@CIT0050], [@CIT0051], [@CIT0060], [@CIT0061] for reviews).

Regarding the latter, we have postulated that many of the effects of PPA may be due to its ability to reduce intracellular connectivity via the closure of gap junctions ([@CIT0006], [@CIT0007], [@CIT0014]).

Gap junctions are intercellular channels which allow passage of ions and small molecules. They are composed of protein subunits known as *connexins* and are gated by a number of factors, including dopamine, calcium, and cytokines, all of which are influenced by PPA ([@CIT0014]). Gap junctions play a major role in cellular differentiation and, in particular, peripheral nerve, cardiac, uterine, and gastrointestinal function. However, in the CNS, gap junction coupling is vital for the synchronization of neural electrical activity within discrete functional cell groups. Gap junction-mediated coupling is more extensive during early brain development and neuronal migration and is thought to play a major role in brain development. Astrocytes are extensively electrotonically connected by gap junctions, forming a physiological syncytium to uptake and spatially buffer calcium, glutamate, and potassium, to stabilize the extracellular CNS microenvironment ([@CIT0062]).

Small molecules, many of which are apoptotic factors (calcium, sodium, lysophospholipids, inositol triphosphate), are capable of passing through these glial gap junctions ([@CIT0063], [@CIT0064]). Therefore, closed glial gap junctions may render neurons hyper excitable due to rising extracellular potassium and glutamate ([@CIT0064]), while closed neuronal gap junctions would be neuroprotective ([@CIT0063]). In turn, this decrease in gap junction coupling may lead to inhibited cortical pruning in development, consistent with the increased neuronal density found in ASD ([@CIT0014]). Gap junction communication is involved in neurotransmission in the basal ganglia, prefrontal cortex, nucleus accumbens, and hippocampus: all areas that are implicated in seizure and movement disorders. Intrastriatal injections of gap junction blockers produce stereotypical movements, hyperlocomotion, and disruption of motor sequencing in rodents ([@CIT0065], [@CIT0066]). Furthermore, gap junction knockout mice show abnormal brain development, exaggerated responses to neurotoxic insults, seizure disorder, and abnormal behaviors ([@CIT0067]).

Interestingly, gap junction blockers, such as volatile anesthetics, ethanol, oleamide, glycyrrhetinic acid, carbenoxylone, and SCFAs, also inhibit tight junctions in many cellular systems ([@CIT0068], [@CIT0069]), possibly contributing to altered barrier function in the placenta, brain, and GI tract in ASD ([@CIT0070]). Given these findings, it seems plausible that PPA-induced alterations to gap junction and tight junction function may have widespread effects on behavior, neural development, and gut and placental function, and may play a role in ASD ([@CIT0006], [@CIT0007], [@CIT0014]).

Brief systemic exposure of SCFAs at critical neurodevelopmental windows have sex specific enduring behavioral effects consistent with autism {#S0005}
============================================================================================================================================

Traditionally, most potential environmental factors implicated in ASD are thought to principally exert their effects at critical pre- and early post-natal neurodevelopmental windows, either alone, or synergistically with other factors (i.e. the 'double-hit hypothesis'), possibly by epigenetic means ([@CIT0071]). Further to this, we sought to examine the behavioral effects of early brief exposure to systemic PPA. This SCFA exposure occurred with or without the microbial cell wall product lipopolysaccharide (LPS), a known activator of innate immunity and another acceptable model of ASD ([@CIT0054], [@CIT0055]). Pregnant Long-Evans rats were subcutaneously injected once a day with PPA (500 mg/kg) on gestation days G12--16, LPS (50 µg/kg) on G15--16, or vehicle control on G12--16 or G15--16. Male and female offspring were injected with PPA (500 mg/kg) or vehicle twice a day, every second day from postnatal days (P) 10--18. Physical milestones and reflexes were monitored in early life with prenatal PPA and LPS. Developmental milestones including delays in eye opening, locomotor activity, and anxiety were assessed in adolescence (PND40--42) in the elevated plus maze (EPM) and open-field motor activity. Prenatal and postnatal treatments altered behavior in a sex-specific manner. Prenatal PPA decreased time spent in the center of the open-field in males and females while prenatal and postnatal PPA increased anxiety behavior on the EPM in female rats. Prenatal LPS did not significantly influence those behaviors. Evidence for the double-hit hypothesis was seen as females receiving a double hit of PPA (prenatal and postnatal) displayed increased repetitive behavior in the open-field.

In similar experiments, acoustic startle and pre-pulse inhibition were measured on PND 45, 47, 49, and 51. Prenatal and postnatal treatments altered startle behavior in a sex-specific manner. Prenatal LPS treatment produced hyper-sensitivity to acoustic startle in males, but not females and did not alter pre-pulse inhibition. Subtle alterations in startle responses that disappeared with repeated trials occurred with prenatal PPA and postnatal PPA treatment in both male and female offspring. Prenatal PPA treatment decreased pre-pulse inhibition in females, but not males. Finally, females receiving a double hit of PPA, prenatal and postnatal, showed sensitization to acoustic startle, providing evidence for the double-hit hypothesis. Furthermore, both male and female PPA-treated pups were impaired in a test of their nest seeking response, suggesting impairment in olfactory-mediated neonatal social recognition. As well, adolescent males, born to PPA-treated dams, approached a novel object more than control animals and showed increased levels of locomotor activity compared to prenatal PPA females. Prenatal LPS produced subtle impairments in social behavior in adult male and female rats. These findings raise the possibility that brief systemic prenatal exposure to elevated levels of GM products, such as PPA or LPS, can subtly influence neonatal, adolescent, and adult social behavior. Collectively, these findings show early exposure to SCFAs, with or without combined immune stimulation from other gut-derived compounds (LPS), are capable of inducing long term behavior effects consistent with ASD.

Central infusions of SCFAs produce neuroinflammatory and oxidative stress effects consistent with autism, and also activate neuroplastic memory (CREB) and fatty acid transport (monocarboxylate) systems. Twice-daily ICV infusions over 7--14 days of buffered PPA, BA, or AA (0.026, 0.052, 0.26 M, 4 µl, pH 7.5) produce broad brain changes reminiscent of ASD. Neuropathological analysis (hippocampus and external capsule white matter) ([Fig. 2](#F0002){ref-type="fig"}) revealed increases in reactive astrocytes (PPA, BA) and activated microglia (PPA), consistent with findings in ASD autopsy cases. In addition, further histochemical studies revealed increased monocarboxylate transporter/phosphorylated cyclic AMP respondent element binding protein (pCREB) immunoreactivity, a key factor in the epigenetic control of memory acquisition, in the absence of gross neuronal loss and apoptotic effects (caspase 3'), indicating broad effects in neuroplasticity and fatty acid metabolism ([@CIT0006], [@CIT0007], [@CIT0014], [@CIT0050], [@CIT0051], [@CIT0060], [@CIT0061]).

![Neuropathology (avidin--biotin complex immunohistochemistry) and semiquantitative image densitometry of coronal brain sections of dorsal hippocampus (CA2) and external capsule of adult rats with 14-day BID ICV infusions of propionic acid (PPA) or phosphate-buffered saline (PBS). PPA-induced significant reactive astrogliosis (anti-GFAP) and microglial activation (anti-CD68), without apoptotic neuronal cell loss (anti-cleaved caspase 3) in rat hippocampus, similar to finding in autopsy brain from patients with autism. Nuclear translocation of anti-CREB and an increase of anti phosphoCREB immunoreactivity are observed in neural, glial, and endovascular epithelium by PPA treatment, suggestive of gene induction. PPA increases monocarboxylate transporter 1 immunoreactivity, primarily in white matter external capsule, suggestive of alterations in brain short-chain fatty acid transport/metabolism. Black bars indicate PPA-treated animals; white bars indicate PBS (vehicle)-treated animals. Horizontal measurement bar = 100 µ. With permission from MacFabe ([@CIT0006]).](MEHD-26-28177-g002){#F0002}

Analyses of homogenates of brain regions produced evidence of increased oxidative stress and impaired glutathione (GSH) metabolism in discrete regions in PPA-treated animals. Biomarkers of protein and lipid peroxidation, total GSH as well as the activity of the antioxidant enzymes superoxide dismutase, catalase, GSH peroxidase, GSH reductase, and glutathione *S*-transferase (GST) were examined. Some brain regions of PPA-treated animals (neocortex, hippocampus, thalamus, striatum, cerebellum) showed increased lipid and protein oxidation accompanied by decreased total GSH in neocortex. Catalase activity was decreased in most brain regions of PPA-treated animals, suggestive of reduced antioxidant enzymatic activity against broad environmental zenobiotics implicated in ASD (metals, Tylenol administration). Collectively, these findings are consistent with those found in ASD patients ([@CIT0004]--[@CIT0007], [@CIT0014], [@CIT0050], [@CIT0060]).

Lipid/mitochondrial/acylcarnitine profiles in PPA rodent model are consistent with findings in autism patients {#S0006}
==============================================================================================================

We then wished to determine if there were any alterations in brain lipids associated with the ASD-like behavioral changes observed following intermittent ICV infusions of PPA, the related enteric metabolite BA or PBS vehicle. As in previous studies, both PPA and BA produced significant increases (*p*\<0.001) in locomotor activity (total distance travelled and stereotypy). PPA and to a lesser extent BA infusions decreased the levels of total monounsaturates, total omega-6 fatty acids, total phosphatidylethanolamine plasmalogens, the ratio of omega-6:omega-3 and elevated the levels of total saturates in separated phospholipid species. In addition, total acylcarnitines, total long-chain (C12--24) acylcarnitines, total short-chain (C2--9) acylcarnitines, and the ratio of bound to free carnitine were increased following infusions with PPA and BA.

We applied electrospray ionization mass spectroscopy analysis to determine how brain and blood intact phospholipid species were altered during the induction of ASD-like behaviors in rats following ICV infusions with PPA. Animals were infused daily for 8 days, locomotor activity assessed, and animals were sacrificed during the induced behaviors. PPA infusions increased locomotor activity. Lipid analysis revealed treatment altered 21 brain and 30 blood phospholipid molecular species. Notable alterations were observed in the composition of brain sphingomyelin, diacyl mono and polyunsaturated phosphatidylcholine, phosphatidylinositol, phosphatidylserine, phosphatidylethanolamine, and plasmalogen phosphatidylcholine and phosphatidylethanolamine molecular species. These alterations suggest that SCFAs are able to cause broad changes in CNS lipid physiology, including membrane fluidity, cell signaling, redox capacity, and mitochondrial/carnitine function, consistent with findings in ASD patients ([@CIT0006], [@CIT0007], [@CIT0014], [@CIT0050], [@CIT0052], [@CIT0060], [@CIT0072]).

Mitochondrial dysfunction found in the PPA rodent model predict novel biomarkers in a sub-set of autism patients {#S0007}
================================================================================================================

A comprehensive review has noted that ASD may occur with genetic and biochemical changes (lactate, pyruvate, carnitine alterations) consistent with mitochondrial disease ([@CIT0073]). However, specific genetic mutations to explain mitochondrial disease are rare, suggesting that mitochondrial disease in some ASD patients may be environmentally acquired. As mentioned, our animal model similarly demonstrates many mitochondrial lipid changes associated with ASD, including a unique pattern of elevated short-chain and long-chain acyl-carnitines, suggesting broad alterations in fatty acid metabolism ([@CIT0006], [@CIT0007], [@CIT0052]). To determine if these mitochondrial-related biomarkers are present in ASD patients, the laboratory results from a large cohort of children with ASD (n=213) who underwent screening for metabolic disorders, including mitochondrial and fatty acid oxidation disorders, in an autism clinic were reviewed ([@CIT0074]). Acyl-carnitine panels were determined to be abnormal if three or more individual acyl-carnitine species were abnormal in the panel by repeated testing. Overall, 17% of individuals with ASD demonstrated consistently abnormal short- and long-chain acyl-carnitine panels consistent with the PPA rodent ASD model. Examination of electron transport chain function (muscle, fibroblast culture) and histological and electron microscopy examination of muscle suggest that PPA could be interfering with mitochondrial tricarboxylic acid metabolism ([Fig. 3](#F0003){ref-type="fig"}.). The function of the fatty acid oxidation pathway in fibroblast cultures and biomarkers for abnormalities in non-mitochondrial fatty acid metabolism were not consistently abnormal across the subgroup of ASD children, suggesting that the fatty acid metabolic abnormalities were secondary to tricarboxylic acid cycle abnormalities. GSH metabolism was abnormal in the ASD subset with acyl-carnitine panel abnormalities, similar to that found in the PPA rodent model ([@CIT0014], [@CIT0060]). These data suggest that there are similar pathological processes between a subset of ASD children and an animal model of ASD with acquired mitochondrial dysfunction. Future studies need to identify additional parallels between the PPA rodent model of ASD and this subset of ASD individuals with this unique pattern of acyl-carnitine and GSH abnormalities. Use of this animal model with ASD patients should lead to better insight into mechanisms behind environmentally induced ASD pathophysiology and should provide guidance for developing preventive and symptomatic treatments ([@CIT0006], [@CIT0007], [@CIT0014], [@CIT0050], [@CIT0052], [@CIT0060], [@CIT0072], [@CIT0074], [@CIT0075]).

![Effects of the enteric bacterial metabolite propionic acid (PPA) on the tricarboxylic acid cycle during (A) typical metabolism and (B) with high levels of PPA. PPA is metabolized to propionyl-CoA, which inhibits the proximal portion of the tricarboxylic acid cycle and enhances the distal portion of the tricarboxylic acid cycle. Effects of PPA on the citric acid cycle in the PPA rodent model of autism are consistent with those found in a subset of patients with ASD, along with further abnormalities in mitochondrial redox function, phospholipid, and acylcarnitine profiles. FADH~2~, flavin adenine dinucleotide; NADH, nicotinamide adenine dinucleotide. With permission from Ref. ([@CIT0074]).](MEHD-26-28177-g003){#F0003}

'Common infections, chronic antibiotics, and clostridia colonization contribute to carnitine collapse, colitis, convulsions, and compulsions' -- impairment of carnitine metabolism from a variety of causes may be central to autism pathogenesis and regression {#S0008}
=================================================================================================================================================================================================================================================================

Of note, impairments in carnitine metabolism are a common feature in ASD and in our PPA rodent model ([@CIT0006], [@CIT0052], [@CIT0074], [@CIT0076]). Although the underlining cause of a relative carnitine deficiency reported in ASD remains unclear, we have noted that diverse neurodevelopmental conditions with gastrointestinal symptoms linked to ASD, such as Reye syndrome ([@CIT0077]), valproate toxicity ([@CIT0078]), propionic acidemia ([@CIT0079]), and mitochondrial disorders ([@CIT0073]), often collectively show disruptions in carnitine metabolism. Carnitine plays an underappreciated role in brain physiology and disease ([@CIT0080]), particularly in brain astrocyte metabolism and GABAergic metabolism during early post-natal development ([@CIT0081]). As carnitine is endogenously synthesized from lysine and methionine, persons with defects in methylation pathways, a common finding in ASD ([@CIT0082]), would thus have impaired endogenous carnitine production, including those with an X-linked defect in the 6-N-trimethyllysine dioxygenase (TMLHE) enzyme responsible for the first step in carnitine biosynthesis, a risk factor for autism in males ([@CIT0083]). These individuals would thus depend on dietary sources of carnitine, which is critical during periods of rapid development, and thus may be more sensitive to a number of conditions which impair gut carnitine uptake. Carnitine is transported across the gut-blood, blood--brain barriers and reabsorbed in the kidney via the Na^+^ dependent organic cation/carnitine transporter 2 (OCNT~2~) ([@CIT0084]). Carnitine transport deficits have been implicated in colitis ([@CIT0085]) and also lead to blood--brain barrier impairments, allowing non-neurotropic influenza A virus to enter the CNS, inducing a neonatal encephalopathy ([@CIT0086]). Interestingly, long-term administration of common antibiotics (i.e. beta lactams) for routine pediatric infections, in addition to eliciting GM species favoring those which produce PPA, have also been shown to directly inhibit the OCNT~2~ transporter, including carnitine transport across gut-blood, and blood--brain barriers ([@CIT0084]) and thus may elicit a relative systemic carnitine deficiency. Additionally, antibiotics given as forms of pivaloyl esters impair renal tubular carnitine reabsorption, potentially causing an increased urinary loss of carnitine. Such rapid impairments of carnitine metabolism could be significant during critical periods of early post-natal development of brain and gut, considering the reported high incidence of antecedent long-term early antibiotic use in some ASD patients ([@CIT0087]--[@CIT0090]), coupled with unique enteric PPA producing bacteria and gut carbohydrate malabsorption in regressive ASD ([@CIT0003], [@CIT0087], [@CIT0088]). We have suggested this offers a potential explanation for autistic regression ([@CIT0006], [@CIT0050], [@CIT0074]). It also explains the potential benefits of carnitine therapy and also of temporary behavioral improvements in some patients following vancomycin or metronidazole treatment, which transiently eradicates these bacteria and reduces PPA production ([@CIT0087], [@CIT0088], [@CIT0090], [@CIT0091]). Furthermore, removal of refined carbohydrates from the diet, which has been suggested as an empiric treatment to improve the behavioral fluctuations and gastrointestinal symptoms in ASD, may act by reducing substrate for these bacteria to produce PPA ([@CIT0014]). Feeding of a high carbohydrate diet in rats is known to increase SCFA levels and produce anxiety and aggressive behavior ([@CIT0092]). Interestingly, pre-eclamptic mothers, who have an increased risk of having offspring affected by ASD ([@CIT0093]), have similar short and long acylcarnitine profiles ([@CIT0094]) as those found in the ASD patients and the PPA rodent model. Although the overall relationships remain as yet unproven, we have proposed that the above observations link the decreased carnitine levels in some ASD patients with several genetic and environmental risk factors consistent with regression, gastrointestinal symptomatology, altered GM, lipid biomarkers, some empiric treatments ([@CIT0095]), and with experimental findings obtained with the PPA model. Furthermore, oral carnitine and its derivative acetyl-l-carnitine have both neuroprotective ([@CIT0080], [@CIT0096], [@CIT0097]) and coloprotective properties ([@CIT0098]). We feel the use of these compounds as therapeutic agents in neurodevelopmental disorders, including ASD is warranted ([@CIT0014], [@CIT0052], [@CIT0073], [@CIT0099]). Furthermore, these observations would also support repeated carnitine/acylcarnitine screening of 'patients at risk'. These would include infants with apparent developmental delay, seizure, and gastrointestinal dysfunction, particularly in the presence of maternal/infant hospital-acquired infection, early hospitalization (i.e. neonatal intensive care unit), or long-term antibiotic use ([Table 1](#T0001){ref-type="table"}). However intriguing, it is important to note at this stage that it is unclear whether these complicated interactions are causative, compensatory, or confounders in ASD ([@CIT0100]).

###### 

Potential causes and consequences of increased enteric short-chain fatty acid production and/or decreased breakdown and their relation to autism spectrum disorder.

  Causes                                                                                                      Consequences of SCFAs
  ----------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------
  Long term antibiotics for routine infections (maternal/infant) Treatment of maternal β hemolytic strep      Gut dysmotility/inflammation/carbohydrate malabsorbtion/altered gut permeability (tight junction impairment)
  Hospitalisation (colonization of nosocomial bacteria) i.e. C-section, neonatal distress                     Active uptake of SCFA to CNS (monocarboxylate transporters)
  Prenatal drugs (valproate, ethanol)                                                                         pH dependent intracellular concentration of SCFAs
  Opportunistic infection (*Clostridium* spp., *Desulfovibrio* spp.)                                          Neurotransmitter synthesis and release (catecholamines, enkephalins) CNS/sympathetic nervous system
  Maternal/infant gut dysbiosis                                                                               Receptor activity (+NMDA, -GABA) SCFA G protein coupled receptors/Ca++ infiux
  Organic acidemias (propionic/methymalonic, biotinidase/ holocarboxylase deficiency)                         Gap junction closure, altered neurodevelopment, neuroinflammation
  (B~12~/biotin deficiency)                                                                                   Impaired mitochondrial function/increased oxidative stress
  Genetic/acquired impaired carnitine synthesis/ absorption(TMLHE/OCTN~2~ genes, β**-** lactam antibiotics)   Reduced glutathione/increased sensitivity to xenobiotics (i.e. acetaminophen)
  Mitochondrial disorder/dysfunction (inherited, acquired)                                                    Decreased carnitine/altered lipid metabolism/membrane fiuidity
  Colitis (impaired barrier/SCFA metabolism), i.e. celiac disease. Met-receptor tyrosine kinase mutation      Altered gene expression (CREB activation, histone deacetylase inhibition)
  Increased refined carbohydrate consumption - substrate for bacterial fermentation                           Antisocial/perseverative/anxiety-like behavior, seizure/movement disorder, Restrictive food interests/carbohydrate craving

These findings, which are not mutually exclusive, may contribute to the pathophysiology, behavioral symptoms, and comorbidities of autism. With permission from MacFabe ([@CIT0006]).

Epigenetic effects of SCFAs -- potential links between genetic--environmental interactions in autism {#S0009}
====================================================================================================

One potential key mechanism where the metabolic products of an altered GM may contribute to ASD pathophysiology is via the alteration of gene expression associated with ASD mutations or ASD-implicated genetic pathways ([@CIT0006], [@CIT0019], [@CIT0101]). Notably, SCFAs and their derivatives are known modulators of gene expression principally via their histone deacetylase inhibitor (HDACI) activity ([@CIT0102]--[@CIT0108]).

The rat pheochromocytoma (PC12) cell line is an extensively used *in vitro* cell system to examine molecular biological processes in neurobiology ([@CIT0109]). Nankova and colleagues have used the PC12 line to examine the effects of SCFAs and their derivatives (i.e. valropic acid) on gene expression ([@CIT0110]--[@CIT0112]), particularly examining tyrosine hydroxylase (TH) gene, coding for a key enzyme in the synthesis of catecholamines, which is also implicated in ASD ([@CIT0113], [@CIT0114]). Moreover, CREB, a key factor in neurodevelopment, learning and memory ([@CIT0115]), is a key determinant of catecholamine synthesis in PC12 cells, and shows increased CREB immunoreactivity in brains of PPA-treated rats ([@CIT0014]). Furthermore, the anti-seizure/mood-stabilizing drug valproic acid, a known prenatal risk factor for ASD and produces an acceptable animal model for the condition, is structurally and pharmacologically similar to PPA, including HDACI properties ([@CIT0116]--[@CIT0118]) and produces similar effects as BA in PC12 cells ([@CIT0119]).

We recently used rat PC12 cells as an *in vitro* system to extend our observations on the epigenetic effects of SCFAs to PPA (1--10 mM incubation over 48 h). Microarray technology was used to compare global changes in gene expression profiles following exposure to the structurally related SCFAs, PPA, and BA.

When PC12 cells were transiently transfected with plasmids having a luciferase reporter gene under the control of the TH promoter, PPA was found to induce reporter gene activity over a wide concentration range. CREB transcription factor was necessary for the transcriptional activation of the TH gene by PPA. At lower concentrations PPA also caused accumulation of TH mRNA and protein, indicative of increased cell capacity to produce catecholamines. PPA and BA induced broad alterations in gene expression including neurotransmitter systems, neuroplasticity and development, neuronal cell adhesion molecules (neurexin 1, neuroligin), inflammation, oxidative stress, lipid metabolism, mitochondrial function, and FMR1 (Fragile X) genes, all of which have been implicated in ASD ([@CIT0013]). We are finding similar gene expression in preliminary studies in rats administered SCFA either centrally or in diet (unpublished observations). In conclusion, our data are consistent with a molecular mechanism through which SCFA metabolic products of the GM can epigenetically modulate cell function including genes related to ASD pathogenesis, further supporting their role as potential environmental epigenetic contributors to ASD.

Summary -- can microbes control the mind? Future directions {#S0010}
===========================================================

In summary, it can be seen that SCFA metabolic products of the GM have remarkable effects on host physiology including brain function and behavior ([Fig. 4](#F0004){ref-type="fig"}). Through our translational animal model, *in vitro* and clinical studies, it can be seen that SCFAs (PPA in particular) have unique properties, particularly involving neuroplasticity, memory acquisition, GPCR activation, gut physiology, tissue barrier permeability, oxidative stress, mitochondrial function, carnitine metabolism, and epigenetics, all of which have been implicated in ASD. Furthermore, there are many potential clinical scenarios for genetic--environmental interactions, which are consistent with enhanced exposure to or impaired metabolism of SCFAs in an individual at risk for ASD.

![Broad physiological effects of enteric short-chain fatty acids on host physiology and brain function and behavior. These effects which are dose, tissue and temporally specific may be physiologically adaptive (immune/cellular energy regulation, food seeking, learning and memory, intra species social interaction), but may be pathological with increased production, decreased breakdown or increased early exposure of these bacterial metabolites during key periods of neurodevelopment.](MEHD-26-28177-g004){#F0004}

It is important to note that, other than reports of increased PPA in stool samples ([@CIT0120]), there are few studies that have systematically examined PPA and its related metabolites in ASD. The short half-life, rapid intracellular concentration of PPA by monocarboxylate transporters, metabolism via the TCA cycle, β-oxidation and incorporation into lipids, coupled with 'difficult' anatomical regions to clinically access (gut, brain) make SCFA measurement problematic, but possible. The evidence of many effects of PPA on diverse biological pathways being consistent with findings with ASD patients is intriguing but largely correlative. Novel translational models (animal models, artificial gut complex microbial colonies) ([@CIT0121]) coupled with longitudinal human studies ([@CIT0100]) are necessary to correlate these biomarkers to autistic regression or clinical improvement. These studies may also herald novel pharmacological treatments such as special diets, metabolic augmenters (carnitine), G-coupled receptor ligands, fatty acids, probiotics, or even GM repair ([@CIT0121], [@CIT0122]). However, cautious optimism is necessary for these future possible therapies, as we do not yet know long-term effects, or indeed which of these GM and metabolomics changes are contributory, causative, or simply a cofounder in ASD, or indeed any other condition ([@CIT0100]).

However, given the acceptance and increased use of PPA in the food industry and agriculture, this does warrant further investigations and awareness of potential risks versus benefits of this SCFA. Of note, PPA\'s widespread use as a food preservative or weight loss agent, and its increased gut production following aspartame ingestion, may herald some caution, particularly during pregnancy and early postnatal development.

In a broader context, we have speculated that GM, through natural selection, have evolved to use their metabolites to adaptively modulate the physiology and ultimately behavior of the host, to promote survival ([@CIT0006], [@CIT0007]). This has been documented in behavioral neurobiology, with such examples as cordyceps fungus producing climbing behavior in ants, and Borna and rabies viruses eliciting salivary transmission and biting behavior in mammals ([@CIT0123], [@CIT0124]). In light of this, the observation of object fixation, restrictive eating of carbohydrates, diarrhea, and fecal smearing in patients with ASDs, which all could theoretically promote organism growth and spread, is intriguing. It is also worth noting that many of the effects of lower doses of SCFAs on gut physiology and immune function, at particular periods during the lifecycle are indeed beneficial to host and ultimately bacterial survival. Finally, it is important to note the ability of SCFAs to elicit anxiety-like, perseverative, repetitive, ritualistic, and antisocial behaviors that are common to many other neuropsychiatric conditions, such as obsessive compulsive, anxiety, attention deficit/hyperactive, mood, and eating disorders, posttraumatic stress disorder, irritable bowel syndrome, pediatric autoimmune neuropsychiatric disorder associated with streptococcal infections (PANDAS), and schizophrenia, where infectious agents have been implicated as contributory ([@CIT0006], [@CIT0007], [@CIT0125]--[@CIT0127]). We have proposed that at least some of these neuropsychiatric conditions may in part represent potentially preventable or treatable metabolic disorders of impaired SCFA metabolism. By analogy, one can recall the tremendous strides which have been made in the management of diabetes, another apparently untreatable metabolic condition, which historically showed broad comorbid effects on multiple body systems including the CNS. Here, patients' lives have been vastly improved subsequent to a better understanding of energy (glucose) metabolism, the exacerbating effect of infection, the role of diet, and the subsequent scientific developments of measurable metabolic biomarkers (glucometers), and pharmacological agents such as insulin and glyburide ([@CIT0007]). With the collaborative efforts from experts from diverse scientific disciplines, it is the author\'s hope that similar strides can be made in ASD. In conclusion, it appears that enteric SCFAs play a major role in host physiology and provide further evidence that GM can modulate brain function and behavior in health and disease conditions, including ASD.
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